Abstract
The impact of entries and exits on false lumen thrombosis and aortic remodelling † 
INTRODUCTION
In acute DeBakey Type I aortic dissection (Type I AAD), the frozen elephant trunk (FET) technique can be used to exclude intimal tears in the proximal descending aorta and to improve perfusion of the true lumen (TL) distally. False lumen (FL) thrombosis and positive remodelling are regularly found at the stent graft level within the first year but differ individually distal to the stent graft [1] . Continuous FL perfusion is known to be a risk factor for aneurysmal changes in the downstream aorta after proximal surgical repair in both Type I AAD and DeBakey Type III dissection [2] . Many publications about continuous FL perfusion focus on entry tears (entries) and re-entry tears. The size and location of entries were found to be risk factors for complicated DeBakey Type I and Type III dissections [3] . In long-term follow-up visits, a large entry tear located in the proximal part of the dissection defined a subgroup at high risk for complications [3] , whereas an increased number of entries were associated with a decreased rate of aortic growth [4] .
In some patients with branch vessels supplied by the FL, we observed the development of perfused FL channels within the thrombosed FL, connecting the branch vessel originating from the FL with the entry tear (e.g. Fig. 1A ). We hypothesized that continuous flow in the FL would thus always need to have 'exits'. Therefore, we evaluated the branch vessels originating from the FL (exits) and the TL (TL vessels) as well as their impact on FL thrombosis and aortic remodelling after the FET technique in Type I AAD.
The aim of this study was to analyse the natural history of the entire downstream aorta in Type I AAD after the FET technique by volumetric examination of the residual aortic lumen and the impact of entries, exits and TL vessels on FL thrombosis and aortic remodelling.
PATIENTS AND METHODS

Patient population and characteristics
Between March 2005 and March 2015, 94 patients were operated on for acute DeBakey Type I dissection with proximal aortic repair and antegrade stent grafting of the descending aorta using the Evita Open hybrid stent graft prosthesis (JOTEC GmbH, Hechingen, Germany). No Stanford Type B [5] dissections were included. The extent of the dissection is presented in detail in Table 1. For this imaging study, 31 of 94 patients were excluded for the following reasons: 9 of 94 (10%) due to in-hospital death; 7 of 94 (7%) due to death within the first postoperative year and 15 of 94 (16%) due to inadequate (blurred imaging or slice thickness being more than 1.5 mm), incomplete or missing preoperative or follow-up computed tomography (CT) scans. Complete data sets for the sufficient analysis of preoperative, postoperative and at least one 1-year follow-up CT scans were available for 63 of 94 (67%) patients operated on and were thus included in the study. Of the 63 patients included in the study, 47 (74.6%) patients had more than 2 years of adequate follow-up CT scans available for review, producing a mean follow-up period for the study of 45 ± 26 months.
The mean patient age was 58 ± 10 years; 68% of the patients were men. Operative techniques are described in detail in previous publications [7] . Connective tissue disorder was found in 3 of 63 patients. The mean diameter of the grafts used was 26 ± 3 mm, and the average length of the grafts used was 134 ± 12 mm. The patient profiles and details of the FET procedure, including landing zones, are summarized in Table 1 .
Indications for the frozen elephant trunk technique and operative and technical aspects
In patients with Type I AAD, the FET technique was used in cases of re-entry close to and beyond the left subclavian artery origin, circumferential detachment of the intimal wall, severe TL collapse downstream in the presence or absence of malperfusion-related visceral and peripheral symptoms and a contained rupture of the descending aorta. The surgical method was described previously and has undergone several modifications over the years to accelerate the arch repair, to reduce the visceral ischaemic time and to control the placement and deployment of the FET, thereby securing the procedure [8, 9] .
Imaging and analysis
Contrast-enhanced, electrocardiogram-triggered, high-resolution (< _1.5 mm slice thickness) CT angiography (CTA) was performed postoperatively prior to discharge, after 6 months, at 1 year postoperatively and at yearly intervals thereafter. All postoperative and 1-year follow-up CT scans were performed at our institution . CT angiography scans were analysed using the OsiriX software, version 5.5.2, 64-bit (Pixmeo S arl, Bernex, Switzerland). To allow for measurements and comparisons, the entire descending aorta was divided into 3 segments. The stented segment of the FET in the descending aorta was defined as Segment A, from the distal end of the stent graft to the level of the coeliac trunk as Segment B and from the coeliac trunk to the aortic bifurcation as Segment C.
Volumetric measurements: Aortic remodelling and false lumen thrombosis FL thrombosis and aortic remodelling were quantified by volumetric measurements. For volume calculations, regions of interest were drawn manually or using the grow-region tool, if applicable, in every CT slice; calculating the aortic lumen (AL), the TL and the perfused false lumen (PFL) according to the summed area method. AL, TL and PFL were measured separately for each aortic segment, and the FL was then calculated using the formula: FL = AL -TL. The FL thrombosis quotient, which is the relative amount of thrombosed FL in relation to the complete FL, was calculated for each patient and segment using the formula FL thrombosis quotient = 1 -(PFL/FL) Â 100 and given as a percentage.
All volumes were measured in cubic centimetres. According to our previous publication, volumetric changes with a TL increase of >10% and a stable FL, or a FL decrease of >10% with a stable TL, were classified as positive remodelling. Variations of <10% change in either lumen were classified as stable; all other changes were classified as negative aortic remodelling [10] . The remodelling status and thrombosis quotient for all segments of the descending aorta were correlated for each patient along with the number and size of the corresponding entries and exits.
Entries and exits: quantification and area measurements
All vessels originating from the FL of the aorta were defined as 'exits'. All vessels originating from the TL of the aorta were defined as 'TL vessels'. All visceral, renal, iliac and segmental arteries were counted and classified according to their origin from either the TL or the FL. Branches originating from both the TLs and the FLs were counted as both exits and TL vessels. The 3D multiplanar reconstruction of a CT scan allows images to be created from the original axial plane in the coronal, sagittal or any oblique plane with the corresponding perpendicular planes. This technique was used to measure the cross-sectional area (CSA) of each vessel, including the segmental arteries, perpendicular to their origin and orientation (Fig. 1B) . In dissected vessels, the CSA of both the TL and the FL were measured perpendicular to their axes at the origin of the dissected vessel.
Entries were defined as tears of the dissection membrane presenting a communication between the TL and the FL. Because the membrane stiffens within the first year, entry quantification was easiest from the 1-year follow-up CT scan. For entry quantification, the complete dissection membrane was analysed in a 3D multiplanar reconstruction with minimal intensity projection performed parallel to the dissection membrane (Fig. 1C) . Identified entries were counted and measured manually by planimetry and then classified according to the aortic segment. Entries at the same level as exits of a compatible size and geometry, which were therefore probably the result of a torn-out branch, were defined as 'branch related' (Fig. 1C) . Entries without any identified corresponding exit were defined as 'non-branch related'. Measurements of the area of entries within the membranes of dissected vessels are technically challenging and impossible in small vessels or very distal communications of TLs and FLs. Therefore, the TL CSA of a dissected vessel at its origin was used as an approximation for the entry size in dissected vessels.
Data analysis and statistics
Data were collected prospectively, supported by our database for thoracic aortic operations and studied retrospectively. We obtained approval from our institutional ethics committee for retrospective image analyses (16-7130-BO). Statistical computations and Figs 2-5 were done using GraphPad Prism version 7.0a for Mac (GraphPad Software, La Jolla, CA, USA) and SPSS 22.0 for MAC (SPSS Inc., Chicago, IL, USA). Normal assumption of continuous variables was validated using the Shapiro-Wilk test. In the case of 2 groups, continuous variables were compared by the (paired) t-test, respectively. If the assumption did not hold, the Wilcoxon signed-rank test was used. Volumetric measurements were compared using repeated 
RESULTS
Volumetric results
In Segment A, the mean TL and AL volumes increased (P < 0.001), the mean FL volume did not change significantly postoperatively and the mean PFL volume decreased (P < 0.0001). Within the first postoperative year, the mean TL volume continued to increase further; the mean AL and FL volumes decreased (P < 0.0001). A residual PFL was identified in 6 patients at the very distal end of the stent graft with a mean volume of 0.97 cm 2 .
After the first year, the mean volumes of the AL, TL, FL and PFL all remained stable ( Fig. 2A) .
In Segment B, the mean TL (P < 0.0001) and AL (P = 0.003) volumes increased postoperatively, the mean FL volume did not change significantly and the mean PFL volume decreased (P < 0.0001). Within the first postoperative year, the mean TL volume increased (P < 0.0001), the mean AL and FL volumes did not differ significantly and the mean PFL volume (P = 0.011) decreased. After the first year, only the AL volume increased significantly (P = 0.011), whereas the mean TL, FL, and PFL volumes showed no significant changes (Fig. 2B) .
In Segment C, only the mean TL volume increased significantly postoperatively (P < 0.002); the mean AL volume increase was not significant, the FL remained unchanged and PFL volume decrease was not significant (Fig. 1C) . Within the first postoperative year, the mean AL (P = 0.004) and FL (P = 0.04) volumes increased significantly, whereas the mean TL and PFL volumes did not change significantly. After the first year, the mean AL (P < 0.002) and TL (P < 0.003) volumes increased significantly; the increase in the mean TL volume and the decrease in the PFL volume were not significant (Fig. 2C ).
Aortic remodelling
Positive or stable remodelling was found within the first year in Segments A (94%), B (63%) and C (54%) with more positive remodelling in Segments A and B and more stable remodelling in C. Between the 1-year follow-up CT and the last CT, positive or stable remodelling was found in Segments A (96%) and B (68%), with relatively more stable remodelling found in Segment C (64%) (Fig. 3) .
False lumen thrombosis quotient
False lumen thrombosis quotients increased postoperatively across all 3 segments (Fig. 4) . In Segment A, the mean FL thrombosis quotient reached more than 98% and remained stable on that level within the first year of follow-up and thereafter. In Segments B and C, the postoperative mean FL thrombosis quotient was 52% and 28%, respectively. Thereafter, the mean FL thrombosis quotients in Segments B and C increased continuously within the first year, reaching 87% in Segment B and 54% in Segment C after more than 2 years of follow-up.
Aortic branches originating from the true and false lumens
Most of the abdominal and iliac branches originated from the TL. The coeliac trunk, the superior mesenteric artery and the right renal artery originated from the TL in more than 80% of patients.
The inferior mesenteric artery originated from the TL in 67%. The left renal artery was the most common artery originating from the FL or from both lumens (42%); the iliac arteries originated from both lumens in 40% of all cases ( Table 2) .
The CSA of the abdominal branches varied greatly: from a mean CSA of 0.14 ± 0.05 cm 2 for the inferior mesenteric arteries arising from the TL to 1.4 ± 0.67 cm 2 for the iliac arteries arising from the FL. In Segment A, 8 perfused segmental arteries were found arising from the FL at the most distal part of the stent graft in 6 patients. In Segment B, significantly more branch arteries arose from the TL compared with the FL (4.32 ± 2.98 vs 2.31 ± 2.71, P = 0.004), resulting in a significantly larger mean total CSA arising from the TL than from the FL (0.38 ± 0.42 cm 2 vs 0.21 ± 0.28 cm 2 , P = 0.017). In Segment C, a similar number of branch arteries arose from the TL and the FL. The high standard deviations presented in Table 2 emphasize the variable distribution patterns of branch arteries in each patient.
In the correlation analysis of the number of TL vessels and exits with the FL thrombosis quotient, both the number of exits and the number of TL vessels correlated significantly with the FL thrombosis quotient (Fig. 5) . The number of TL vessels correlated positively with the FL thrombosis quotient in Segments B (r p = +0.66, P < 0.0001) and C (r p = +0.67, P < 0.0001). The number of exits correlated negatively with the FL thrombosis quotient in Segments A (r p = -0.53, P < 0.0001), B (r p = -0.79, P < 0.0001) and C (r p = -0.72, P < 0.0001). No significant correlations were found for TL vessel and exit size and FL thrombosis quotient.
Identified entries
Identified branch-related entries were on the same level with exits, were round shaped, corresponding in size and geometry, and therefore probably the result of a torn-out aortic branch (Fig. 1D) . Because of the larger number of aortic branches and larger branches identified in Segment C, the total branch-related entry area and the number of identified entries were significantly higher in Segment C compared with those found in Segment B (1.8 ± 1.7 cm 2 vs 0.12 ± 0.31 cm 2 , P < 0.0001; 3.2 ± 2.3 vs 0.67 ± 1.15, P < 0.0001).
In total, 12 non-branch-related entries were identified in 12 patients: 2 in Segment B and 10 in Segment C. These were more longitudinal in appearance, asymmetrically shaped and larger in size (1.26 ± 0.62 cm 2 ) compared with the branch-related entries (Fig. 1E) .
In the correlation analysis of the number of entries and total entry area, the total entry area correlated negatively with the FL thrombosis quotient in Segment B (r p = -0.53, P < 0.0001) and Segment C (r p = -0.61, P < 0.0001). No significant correlations were found for the entry number and the FL thrombosis quotient.
Risk factors for false lumen thrombosis and negative remodelling
Linear regression modelling, including the number and sizes of entries, exits and TL vessels in relation to FL thrombosis, showed that exits were the only significant predictor of FL patency in Segments B and C. In a logistic regression analysis, only the number of exits was a significant risk factor for negative remodelling in Segments B and C (Table 3 ).
DISCUSSION
The prognosis of patients after isolated proximal repair for DeBakey Type I AAD is related to the long-term behaviour of the FL distally [2, 11] . A patent FL is associated with an increased risk of aortic dilatation [2] , secondary aortic intervention [12] and death [13] , whereas FL thrombosis improves the outcome [11] . Entries located in the proximal descending aorta and close to the distal anastomosis after isolated proximal repair have a huge impact on FL dilatation, aneurysmal changes and the patient's prognosis [3] . Entry size and position also influence FL dilatation [14] . The use of the FET procedure allows for the extension of the treatment beyond the arch and the exclusion of entries in the proximal descending aorta by the stent graft. The TL is thereby expanded, the intimal wall is stabilized, antegrade perfusion of the FL in the descending aorta is interrupted and FL thrombosis is initiated. The satisfactory success of the treatment up to the mid-descending aorta, with FL thrombosis >95% and positive remodelling in >80% after 1 year, supports an increasingly liberal usage of the FET technique in AAD [15] . In addition, the FET technique provides a safe docking place in the mid-descending aorta for endovascular or surgical aortic repair downstream and allows easier access for complementary treatment.
Although the treatment of the proximal descending aorta by the FET technique can be assumed to be permanent, the FL remains complete or partially patent more distally, relocating the perfused FL-associated problems from the arch to the distal descending aorta. The negative remodelling rate of 35% in Segments B and C during follow-up visits is evidence of the risk of disease progression in the untreated aortic segments [16, 17] . Residual FL perfusion results from entries in the thoraco-abdominal segment, which is frequently important for the visceral, renal, spinal or peripheral perfusion. However, less is known about the impact of these entries on the residual FL perfusion and about the natural history of the downstream aorta after the FET technique.
By measuring the volume of the perfused FL, the FL can be classified as thrombosed or patent and further quantified in percentage terms. The FL thrombosis quotients did not remain stable over time. Distal to the stent graft, FL thrombosis increased after the first year up to 87% in Segment B and up to 54% in Segment C, correlating with similar findings seen in DeBakey Type III dissection after treatment with thoracic endovascular aortic repair [18] . Because the PFL did not decrease in Segments B and C after the first year but remained relatively stable, the increase in the FL thrombosis quotient could only be explained by an increase in the thrombosed FL volume. In some patients, it appeared as if the PFL channel remained stable with a 'precipitation thrombus' growing around it. These observations were similar to those of others who demonstrated the impact of partial FL thrombosis on aortic growth in DeBakey Type III [19] and DeBakey Type I dissection after isolated proximal repair [20] and made us focus on the impact of entries and exits on FL thrombosis and aortic remodelling.
Turley et al. [21] described FL thrombosis only in patients with no major branches originating from the FL and concluded 'Runoff through the false lumen from re-entry sites to the major vessels appears to be the mechanism of both persistence of the false lumen and continued perfusion of vital organs following attempts at obliteration'. Later, other groups found side branch involvement [22] and visceral branches originating from the FL [23] to be risk factors for FL patency after thoracic endovascular aortic repair in DeBakey Type III dissection. According to our results, the pattern of aortic branches originating from TL, FL or both seems to be similar in acute DeBakey Type I and Type III AAD [24] .
Quantifying the FL thrombosis quotients and the number and the CSAs of all TL vessels and exits enabled a detailed analysis of their correlation after the FET technique in patients with AAD. The FL thrombosis quotient had a strong positive correlation with the number of TL vessels and a strong negative correlation with the number of exits and the total entry size distal to the stent graft. According to our regression model analysis, each exit reduced the FL thrombosis quotient by approximately 5%, whereas 2 exits nearly tripled the risk for negative remodelling distal to the stent graft. Neither the number nor the size of the entries was a risk factor for negative remodelling in our regression model, although the entry size had a strong negative correlation with the thrombosis quotient. Entry number did not correlate with FL thrombosis, because the range of 'branchrelated' and 'not-branch-related' entries varied between 0.1 cm 2 and >3 cm 2 and therefore their effect might have been levelled. Besides entries, the impact of exits on FL behaviour and aortic remodelling is evident from our results and might be a new target for treatment to avoid negative remodelling. Within the last few years, new ways to use branched and fenestrated endovascular grafts in patients with post-dissection thoraco-abdominal aneurysms have been investigated. The feasibility of exit rerouting with covered stents bridging the FL or exit coiling have been demonstrated with promising results [25] [26] [27] . Selective minimally invasive exit treatment may therefore represent a specific approach to control the progress of the FL in addition to classical endovascular or open surgical repair.
Limitations
The results are limited by the potential bias caused by the fact that only patients with sufficient preoperative, postoperative and at least one 1-year follow-up CT scans could be included in the study. Patients who died within the first year or patients with renal insufficiency (followed by magnetic resonance imaging) could not be analysed. Because the survival rate of the study population after 5 years (mean follow-up of 3.98 ± 1.09 years) was as high as 91% (2 aortic-related deaths, 1 suicide and 1 intracerebral bleed) and freedom from reintervention after 5 years was as high as 93% (3 thoracic endovascular aortic repair, 1 thoraco-abdominal aneurysm repair in a patient with Marfan syndrome), no correlation of our morphological findings to clinical end-points is possible yet.
CONCLUSION
This study demonstrated the effectiveness of the FET technique as a durable treatment of the aorta up to the mid-descending aorta in AAD and more distally in approximately two-thirds of the patients. The detailed morphological analysis of the natural history and anatomical characteristics of the residual dissected distal aorta after the FET technique confirms the importance of exits, in addition to entries, as a risk factor for FL patency and negative remodelling. New endovascular techniques aimed at reducing the number of exits should thus prevent negative remodelling.
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